We demonstrate that compression of Sr2FeOsO6, a double perovskite structure with an ordered crystalline arrangement of iron (3d) and osmium (5d) transition metal ions, allows for continuous and reversible control of magnetic coercivity and saturation magnetization. The effect leverages the tunability of crystal electric fields with pressure to alter Fe-O-Os magnetic exchange interactions and transform a material with an otherwise mute response to magnetic fields into one with coercive field typical of robust permanent magnets.
Manipulation of magnetism with external stimuli such as electric fields [1] [2] [3] or optical excitation [4] [5] [6] has taken center stage in materials research as the quest for alternate routes to low-power electronics and high-density storage media takes on new directions. In this context, double perovskites A 2 BB ′ O 6 , where A is an alkali, alkaline earth, or rare earth ion, and B and B' are octahedrally coordinated transition-metal (TM) ions arranged in a periodic pattern offer a unique playground for exploring novel electronic phenomena and functionality beyond conventional perovskites (B=B') [7, 8] . Their crystal structure can be manipulated via ionic size mismatch at A and B/B' sites resulting in variations of B/B'-O bond lengths and degree of collinearity in B-O-B' bonding. Coupled with the ability to control d-orbital occupancies (valence) at B and B' sites by choice of TM type, B-O-B' superexchange (SE) [9] [10] [11] and double exchange (DE) [12] [13] [14] (magnetic) interactions, which involve electron hoping via intermediate oxygen sites, can be readily manipulated. This results in a vast richness of electronic ground states including half-metallicity above room temperature (A 2 CrWO 6 ) [15] , ferromagnetic insulators at high temperature (Sr 2 CrOsO 6 ) [16] , colossal magnetoresistance (Sr 2 FeMoO 6 , Sr 2 FeReO 6 ) [17, 18] and multiferroicity (Ba 2 NiMnO 6 ) [19] .
Of particular interest is the "pairing" of transition metals from different rows (3d, 4d, 5d) at B and B' sites. The larger spatial extent of 4d and 5d orbitals relative to their 3d counterparts reduces the on-site Coulomb interactions. This has direct bearing on the balance between SE interactions, which usually favor antiferromagnetic (AFM) coupling between B and B' sites, and DE interactions, which favor ferromagnetic (FM) coupling since the latter is strongly dependent on the strength of the onsite Coulomb interactions (Hund's coupling). Furthermore, the extended nature of 4d and 5d orbitals may enhance the importance of longer range exchange pathways resulting in additional tunability, especially under compression.
In this Letter we investigate a 3d-5d double perovskite, Sr 2 FeOsO 6 , and explore compressive stress as a tool to manipulate exchange interactions and drive changes in magnetic properties. Using x-ray spectroscopic and structural probes in a diamond anvil cell, we discovered that this material transforms from one with no remanent magnetization or coercivity at ambient pressure to one with robust coercivity (∼ 0.5 Tesla) and remanent magnetization under lattice compression. The changes in magnetic response appear to be driven by the increase in octahedral crystal electric field (CEF) at Fe and Os sites which reduces the strength of DE-FM Fe-Os interactions along the c-axis of this structure in favor of SE-AFM interactions driving a transition from AFM order towards ferrimagnetic (FiM) order. The results exemplify the vast landscape of opportunities afforded by coupling (3d, 5d) double perovskite structures to external stimuli in order to bring about new properties and functionality.
We start by comparing the structural and electronic properties of Sr 2 FeOsO 6 [20, 21] to its analog compound Ca 2 FeOsO 6 [22] . The smaller Ca 2+ ions drive a transition from a tetragonal (I4/m) to a distorted monoclinic (P 2 1 /n) crystal structure (Fig. 1a) . In the tetragonal structure, the B/B'O 6 octahedra are rotated by ∼ 13 degrees around the c-axis, leading to buckled (∼ 167 degrees) Fe-O-Os bonds within the ab plane. The compressed Ca structure adds a second B/B'O 6 octahedra rotation around [110] (a − a − b + in Glazer notation), leading to deviations from collinearity also in Fe-O-Os bonding along the c-axis direction and overall enhanced buckling distortions (∼ 151 degrees). The Ca structure displays FiM order while the higher-symmetry, tetragonal structure of the Sr analog displays AFM order (Fig. 1a) . (Fig. 1b, bottom panel) . Since e g orbitals point towards oxygen atoms directly, this overlap is highly sensitive to the degree of Fe-O-Os collinearity. On the other hand, the SE-AFM interaction is mediated by the overlap of t 2g and oxygen p π orbitals. Since t 2g orbitals point away from the oxygen atoms, deviations from Fe-O-Os collinearity only weakly alter this interaction. Therefore the AFM order seen in Sr 2 FeOsO 6 is due to in plane AFM coupling (buckled Fe-O-Os) combined with c-axis FM coupling (collinear Fe-O-Os) (Fig. 1a) . The emergence of FiM order in the Ca analog is a result of weakening of DE-FM interactions relative to SE-AFM interactions along the c-axis as a result of Fe-O-Os buckling distortions in the compressed Ca structure [23] (see Supplemental Material [24] for a theoretical description). The strong dependence on buckling motivated our exploration of the role of hydrostatic pressure as a possible source of (continuously) tunable electronic ground states in Sr 2 FeOsO 6 . While we do find a transition from AFMto FiM-order with applied pressure, the driving force for the transition is of a different nature as explained below.
X-ray magnetic circular dichroism measurements at Fe L 2,3 and Os L 2,3 edges were performed at beamlines 4-ID-C and 4-ID-D, respectively, of the Advanced Photon Source on powder samples. Ambient pressure data (Fig. 2) confirm the presence of FiM order in the Ca structure and absence thereof in the Sr structure. The Fe and Os magnetic moments point in opposite directions as evident by the opposite signs of XMCD signals (Fe along applied field). A strong exchange coupling between magnetic sublattices is evident from their correlated magnetization reversal. The Sr structure shows typical AFM response to applied fields, namely, linear dependence of magnetization due to field-induced canting of Fe and Os moments. The low saturation magnetization in the Sr structure at 4 Tesla, ten times smaller than in the Ca structure ( of magnetic moments with small canting (it is noted that two collinear AFM variants have been reported in neutron studies to coexist in Sr 2 FeOsO 6 at low temperature and zero applied field [25] ). Sum rules [26, 27] analysis of XMCD data can in principle yield values of spin and orbital moments at Os and Fe sites. However, the accuracy of this analysis is compromised in this case due to the presence of anisotropy in the spin density at Os sites as a result of spin-orbit (S-O) interactions (affecting the spin moment sum rule), as well as due to Fe 2p 1/2,3/2 core level mixing as a result of core-valence Coulomb interactions in the final state of the x-ray absorption process [28] .
To circumvent these limitations we performed a theoretical analysis of the spectral line shape using OsO 6 and FeO 6 cluster calculations including single and double ligand-hole states [24] . A good agreement between the experimental and theoretical spectra is obtained (see [25, 29] ). The orbital-to-spin moment ratio is ten times larger at Os sites due to the stronger S-O interaction. Analysis of the Os L 2,3 branching ratio [24] indicates that Os cannot be described in the strong S-O coupling limit commonly used for Iridates [30] [31] [32] and instead falls in an intermediate regime where S-O interactions compete with Hund's exchange in the presence of a dominant CEF interaction. S-O and CEF interactions acting on Os 5d electrons are expected to be a source of magnetic anisotropy.
We now turn to the effect of hydrostatic pressure on the electronic ground state of Sr 2 FeOsO 6 . A membranedriven, copper-beryllium diamond anvil cell (DAC) was used for the high pressure XMCD measurements at the Os L 2 edge (T= 15 K). Neon gas was used as pressure transmitting medium and pressure was calibrated in situ at low temperature using the ruby fluorescence method. Figure 3 shows a continuously increasing XMCD signal reaching four times its ambient pressure value at 40 GPa, although not matching the saturation value of the Ca structure. The emergence of a FM response in the Os sublattice is clearly seen in the field-dependent XMCD data, where large coercivity (0.5 Tesla) comparable to that of the Ca structure (0.85 Tesla) is observed (Fig. 4) . Remanent magnetization (∼ 0.23 µ B /Os) also emerges. This presents a dramatic change from the negligible coercivity and remanence measured at ambient pressure (Fig.  2e) . We note that the XMCD signal fully reverts in size upon pressure reduction from 40 GPa to 26 GPa with no measurable hysteresis. It appears that the exchange coupling of Os and Fe moments along the c-axis continuously transforms from FM towards AFM under lattice compression leading to a FiM response, mimicking the behavior of the chemically compressed Ca structure (Fig.  1a) .
One may be tempted to conclude that the driving force for the magnetic transition is a pressure-induced monoclinic distortion with related deviation of Fe-O-Os c-axis bonding from collinearity. However, low temperature (15 K) x-ray powder diffraction measurements in a diamond anvil cell show that the Sr structure remains tetragonal to 56 GPa [24] with a continuously enhanced c/a ratio to this pressure (1.48 vs 1.44 at ambient pressure). This contrasts with the continuous reduction in c/a ratio observed with increased Ca doping, a result of increased buckling in c-axis Fe-O-Os bonding reducing the c-axis lattice parameter faster than the a-axis lattice parameter. The opposite observation of an increasing c/a ratio under pressure indicates that such c-axis buckling does not take place. The enhanced c/a ratio under pressure is likely a result of increased in-plane Fe-O-Os buckling. In fact, an enhanced c/a ratio is also observed upon cooling the Sr structure at ambient pressure [24] , retaining the tetragonal symmetry but with increased in-plane Fe-OOs buckling. X-ray absorption fine structure data above the Os L 2 edge shows no significant change to 40 GPa (Fig. 3a, inset) indicating that the local structure around Os ions does not change significantly besides the slightly anisotropic compression. This fine structure is sensitive to deviations in Os-O-Fe bonding from collinearity as clearly seen in the different fine structures of Sr and Ca samples (Fig. 3b, inset) . We conclude that the Fe-O-Os bonding along the c-axis remains collinear and therefore the transition to a FiM state has a different origin than that of the Ca driven transition.
Experimental and theoretical reports on the nature of exchange interactions in Sr 2 FeOsO 6 address the origin of AFM order in this structure at ambient pressure [25, 29, 33] . In fact, two different AFM configurations (AF1 and AF2, Fig. 4c ) are observed by neutron diffraction to coexist at low temperature, the AF2 phase appearing on cooling below 67 K and becoming dominant below 55 K (85% at 2 K) [25, 29] . The AF1 phase consists of FM Fe-Os chains along the c-axis, while half of Fe-Os bonds become AFM coupled in the AF2 phase as a result of a lattice distortion in which short (AFM) and long (FM) Fe-Os distances are created.
There are two direct consequences of the reduction in the Fe-O-Os bond lengths. First, there is an increase in the hopping integrals between the TM ions and the oxygens. These are given by the tight-binding parameters pdσ T M−O and pdπ T M−O for the σ-bonding e g orbitals and π-bonding t 2g orbitals, respectively. Both hopping matrix elements have a r −3.5 T M−O dependence on the TM-O distance. Additionally, both the SE and DE interactions have, to leading order, a similar dependence on the hopping integrals [24] . Therefore, changes in the relative strengths of the DE and SE interactions are a higher-order effect. This is confirmed by numerical calculations using Fe-O-Os clusters with parameters consistent with those used to calculate the x-ray absorption spectra, which showed a minimal dependence of the relative strengths of the exchange interactions with the hopping integrals. The second quantity affected by the reduction of the TM-O distance is the CEF. Here, the magnetic exchange interactions are affected differently. The DE involves the exchange of an e g electron between the Fe and the Os ion. To leading order the gain in energy due to the DE is given by
where ∆ is the charge-transfer energy for osmium and oxygen, U is the charge transfer from the Fe site to the Os site [24] . We see that the DE is directly proportional to the Hund's rule coupling J Hund,Os on the osmium ion. A decrease in lattice parameters causes an increase in the difference between the Os and Fe crystal-field parameters 10Dq Os − 10Dq F e , leading to a reduction of the double exchange interaction. This has been confirmed by calculations for the Fe-O-Os cluster, where a transition from a FM to AFM Fe-Os coupling could be obtained (Fig. 4b) . Evidence for pressure-induced changes in crystal-field parameter at Os sites is seen in the evolution of the L 2 -edge white line (Fig. 3a) , the enhanced spectral weight in the high-energy side reproduced in cluster calculations with a 0.5 eV increase in crystal field strength [24] .
An understanding of the pressure induced magnetic transition naturally follows. Upon lattice compression the reduction in all Fe-Os distances and related increase in CEF energy causes a weakening of the Fe-Os DE-FM interactions relative to SE-AFM interactions along the c-axis (Fig. 4) . The in-plane Fe-Os coupling remains AFM at all temperatures and pressures due to the persistent large in-plane Fe-O-Os buckling. The transition to AFM coupling in Fe-Os bonds along the c-axis leads to emergence of FiM order in the compressed structure. Although full, collinear FiM order is not achieved at 40 GPa (based on field dependent data and comparison to Ca analog), the transition appears to be second order as no detectable hysteresis was observed on pressure release.
The high degree of tunability of exchange interactions under pressure is unique to the 3d-5d makeup of this double-perovskite structure; namely, the reduced on-site Coulomb interactions at 5d sites result in weaker DE-FM Fe-Os interactions compared to those found in 3d-3d analogs. The ability to not only dramatically alter the magnetic state with external stimuli but to do so in a continuous fashion is appealing for applications where tunability of coercivity and saturation magnetization is desired. While undoped Sr 2 FeOsO 6 requires sizable pressures (> 10 GPa) to induce significant changes in coercivity and net magnetization, one can envision doping Ca into the Sr structure to attain proximity to a FiM state [29] hence enabling much smaller pressures (or strain in films) to drive the AFM-FiM transition in a reversible way; e.g., with dynamical compression/decompression. Furthermore, the ability to achieve sizable coercive fields (0.5 Tesla) by manipulating indirect (3d-5d) exchange interactions with pressure coupled with S-O interactions at 5d sites presents an exciting opportunity in the search for rare-earth free permanent magnets [34, 35] . of Japan, the Japan Society for the Promotion of Science (JSPS) through a Grant-in-Aid for Scientific Research (25289233). We would like to thank Changyong Park and Curtis Kenny-Benson for their assistance at 16-BM-D beamline, Sergey N. Tkachev for assistance with gas loading, and Richard Rosenberg for help with soft x-ray measurements. We also thank GSECARS for use of the gas loading and laser drilling facilities.
